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Abstract 
A model for melting of a nanoporous material by means of nanosecond laser pulses was developed. In present model the pore 
size is small in comparison with film thickness and when film temperature reaches the melting temperature there is an 
instantaneous collapse of pores under the influence of surface tension forces. In numerical solution the temperature dependence 
of thermophysical quantities of a material and material porosity were taken into account. The melting penetration depth was 
determined with due regard for the material porosity. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
Much attention has been paid of late to studying the so-called nanoporous materials, whose pores do not exceed 
100 nm in diameter [Frank (2005), Chen et al. (2007), Xia et al. (2010)]. This interest is generated by the unique 
 
 
* Corresponding author. Tel.: +7-499-725-2406; fax: +7-499-725-2406 
E-mail address: msgrigoryeva@mephi.ru 
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)
 Maria S. Grigoryeva et al. /  Physics Procedia  71 ( 2015 )  196 – 201 197
 
stru
Zha
 
mat
evap
and
T
puls
2. E
T
[Be
mou
attra
to t
mou
para
A
indi
irra
the 
one
imp
 
Fig. 
dens
F
and
sem
crys
num
ctural and su
o (2004), Nar
Nowadays the
erials [Brekho
oration occu
 have not been
he given wo
es and determ
xperimental
he experime
zotosny et al. 
nting of high
ctive propert
he indium pla
nted on the 
meters of the
verage dens
um film, 2.7
diation. One c
laser treatmen
 can observe
erfections is f
1. Scanned struct
ity, 0.1 J/cm2 ; pu
ilm treatmen
 surface pur
iconductor la
tal had becom
ber of the po
rface charact
ayan et al. (2
 use of a pul
vskikh et al.
rring under th
 studied in d
rk is devoted
ining the dep
 results 
ntal results o
(2007)]. The 
-power semi
ies as low me
sticity one c
copper heat s
 laser diodes.
ity of the inc
 μm. Figure 
an observe im
t. As seen fr
 the imperfe
rom 100 nm t
ure of 2.7μm thi
lse duration, 6.5
t had made th
ification from
ser crystal ha
e greater. Be
res.  
eristics of na
008)]. 
sed laser radi
 (1970), Kalu
e laser radia
etail.  
 to developin
th of the mat
n the diode-p
indium films 
conductor la
lting tempera
an obtain hig
ink elements.
  
ident energy
1 illustrates 
provement o
om Fig.1, the
ctions at the 
o 1 μm. 
ck In film before
 ns). 
e porosity an
 contaminat
d increased b
sides, the hea
noporous ma
ation is one o
ÿjeroviü et al
tion action on
g a model of
erial melting w
umped laser 
produced by 
ser crystals. T
ture (156-161
h output para
 Laser treatm
 was of 0.1 J
scanning im
f the microst
 microstructu
surface and 
 (left) and after (r
d roughness 
ion. After th
ecause the ar
t-conductivity
terials and w
f the method
. (2011), Yun
 the nanopor
 nanoporous 
ith due rega
treatment of 
the magnetron
he use of th
°ɋ, by differe
meters of th
ent of the ind
/cm2, pulse 
age of the so
ructure and e
re of untreate
in the film 
ight) laser irradi
of the surface
e modificatio
ea of the sold
 of a solderin
ide possibilit
s for producti
ti et al. (2012
ous materials
material melt
rd for the mat
indium film p
 evaporation
e indium film
nt data), high
e high-power
ium solders 
duration, 6.5 
ldered indiu
nhancement o
d and treated
volume after
ation by a diode-
 lower, and l
n, the effici
er interaction
g layer had in
ies of their a
on and treatm
)]. The proce
 have the uni
ing by mean
erial porosity
orous surfac
 method were
s is advanta
 plasticity, av
 laser diodes 
was used to 
ns, and initi
m surface be
f the surface
 films is far f
 treatment. T
 
pumped  YAG:N
ed to the dam
ency of the 
 with a meta
creased due 
pplication [L
ent of nanop
sses of meltin
que character
s of laser rad
. 
es are presen
 used as a sol
geous due to
ailability, etc
as the crysta
increase the o
al thickness o
fore and afte
 homogeneity
rom being pe
ypical size o
d  laser (the ener
age of oxide 
heat sink fr
llic film on a
to a decrease 
u and 
orous 
g and 
istics 
iation 
ted in 
der at 
 such 
. Due 
ls are 
utput 
f the 
r the 
 after 
rfect; 
f the 
gy 
films 
om a 
 laser 
in the 
198   Maria S. Grigoryeva et al. /  Physics Procedia  71 ( 2015 )  196 – 201 
 
3. Theoretical model  
The proposed theoretical model for a laser modification of porous metallic films includes investigation of the 
melting process with regard for the surface porosity. Figure 2 illustrates the studied process. A porous material 
deposited on a metallic substrate is exposed to the action of a pulsed laser radiation with flux density q. The pores 
represent the spherical isolated cavities whose radius is much less than thickness of the material h. Heating and 
partial melting of the material occur during the pulse action Ĳȡ. The initial temperature distribution is uniform and is 
equal to Ti. 
 
 
Fig 2. Illustration of the process. 
A numerical calculation was made for a 2.7 μm-thick porous indium film mounted on a copper substrate whose 
thickness is much greater than film thickness. In accordance with the experimental data [Bezotosny et al. (2007)], 
the pulse duration is Ĳȡ = 6.5 ns, flux density, q = 0.1 J/cm2, and average size of the pores, ɚ = 100 nm. 
To determine the porosity we suggest that if the temperature of some region of a material achieves the melting 
temperature Tm, the pores should be under pressure within the volume of a viscous melt. They should be instantly 
collapsed due to surface tension, and the melted material around a pore should move the latter to the center. We call 
this approximation “the instant collapse of the pores”, where a simultaneous transition of “the solid state body-melt” 
and “the porous body-solid material” occurs. In the given approximation we assume that the time of the pore 
collapse is around 1 ns, under the above laser radiation parameters, which is much less than all the characteristics 
times of the heat problem.  
The process of melting of the metallic-substrate porous material by means of the laser pulses is described by a 
system of one-dimensional linear thermal-conductivity equations for a semi-infinite space: 
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where c is the specific heat of the material; Ȝ is the heat conductivity factor; ȡ is the substance density; A is the 
absorption coefficient; Ti is the initial temperature; h is the indium film thickness; Ĳȡ is the pulse duration; q is the 
laser radiation density, and ĭ is the film porosity. The thermophysical values of the indium depend on temperature 
and the material porosity of the system (1). The copper thermophysical values are constant, and are independent 
either of temperature or the material porosity. The numerical dependencies of thermophysical values on temperature 
are phenomenological, and are found by using the experimental data [Gronvold (1978), Goldratt and Greenfield 
(1980), Peralta-Martinez et al. (2006)]. 
The material porosity ĭ is defined as a ratio of the total volume of emptiness to the body volume: 
Vp
V
Φ =   (2) 
where Vp is the total volume of the pores; V is the material volume. 
The heat capacity versus porosity ratio may be defined as follows [Sumirat et al. (2006)]: 
0 (1 )C C= − Φ   (3) 
where C0 is the material heat capacity at ĭ=0. 
The dependence of latent heat of melting on the porosity is analogous to that of the heat capacity: 
0 (1 )H HΔ = Δ − Φ   (4) 
Here ǻH0 is the melting latent heat at ĭ=0. 
To find the heat capacity coefficient for indium we have used the Maxwell model [Sumirat et al. (2006)]. The 
model considers the heat capacity of a porous medium with isolated pores distributed in a solid phase, and this 
corresponds to the formulation of our problem: 
0
2(1 )
2
− Φλ = λ
+ Φ
  (5) 
4. Results and discussion 
The system of equations (1) has been solved numerically. The solution takes account of the temperature 
dependence of indium thermophysical values, as well as their dependence on the material porosity. Figure 3 
illustrates the indium film melting depth. The numerical solution with an allowance for the indium porosity gives 
0.55 relative units, and this is about one and half micron. With no account of the material porosity the melting depth 
turns to be 0.4 relative units (about 1.1 μm). From this follows that taking into account the material porosity results 
in a 36% increase of the melting depth. One should note that the melting depth with account only of the temperature 
dependence of indium thermophysical values differs from the melting depth under constant values just by 1-2%. 
With account of the porosity the lifetime of the melt increases. An increase in the melting depth of a porous film as 
compared to the solid one, takes place, probably, because of the re-distribution of energy in the film and the 
decrease in the heat extraction to the substrate due to the drop of the heat conductivity. 
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Fig. 3. The melting depth of an In film. Solid line: the material porosity is taken into account; dot-dash line: only the temperature dependence of 
In thermal values taken into account. 
In order to find such energy density that the film would be melted at full depth, we have calculated the melting 
depth for three energy densities (Fig. 4). In Figure 4 the energy and the melting depth are given in dimensionless 
units. The solid line corresponds to the initial energy density of q=5.4 relative/units; the dashed line corresponds to 
the energy 3 times as much as the initial one; the dot-dash line corresponds to the case when the energy is 5 times 
greater than the initial energy. The dot-dash line plateau results from the fact that at the given energy density the 
film of 1 rel/unit (2.7 μm) thickness is completely melted and the substrate material heating is observed. The 
substrate is not melted, since the melting temperature of the film and the substrate material essentially differ.  
 
 
Fig.4. The melting depth of the In film at different energy density. Solid line – the energy density is q=5.4 rel.units; dashed line, q=16.2 rel.units; 
dot-dash line, q=27 rel.units. 
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5. Conclusion 
The present work offers a model of nanoporous material melting by means of nanosecond laser radiation pulses. 
The model takes into account the material porosity and the temperature dependence of its thermophysical properties. 
The porosity has been taken into account in the approximation of an “instantaneous collapse” of the pores under the 
action of the surface tension force. The melting depth of the material has been defined. The results obtained with 
account for the material porosity and those with no regard to the porosity have been compared. All factors being 
equal, the regard for the material porosity leads to the growth of the melting depth as compared to the solid material. 
The porosity being taken into consideration, the melting depth of an indium film turns out to be by 30% greater as 
compared to the solid film. It should be noted that the melting depth with account only for the film temperature 
dependence differs just by 1-2% from the melting depth observed under constant thermal values. 
The results obtained allow one to make a conclusion that the material porosity is an important factor, which 
essentially influences the process of material treatment, and should be considered in theoretical and experimental 
study.  
The obtained theoretical results are in good agreement with the experimental results [Bezotosny et al. (2007)], 
and can be used to improve the process of laser treatment of porous materials.  
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